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STEADY-STATE NUCLEAR INDUCTION SIGNAL SHAPES 
IN LITHIUM METAL':' 
D. R. Torgeson, 1:f. H. Jones, Jr., and R. G. Barnes 
ABSTRACT 
A detailed theoretical and experimental study has been completed 
of the absorption and dispersion mode nuclear magnetic resonance sig-
nals for Li 7 in solid lithium metal at room temperature. Calculations 
of resonance signal shapes, based on the Bloch Theory as modified by 
the small-amplitude modulation theory of Halbach, were made with an 
IBM 650 computer and were compared with the experimental results. 
A variety of experimental conditions and both the in-phase and quadrature 
components of the signal at the modulation frequency were studied. The 
Bloch-Halbach Theory appears to account very satisfactorily for the 
saturation behavior of the four types of resonance signals. In addi-
tion, the behavior of the complex absorption mode signal provides a 
convenient means of determining with precision the location of the 
quadrature phase signal. 
·'· .,. 
This report is based on an M.S. thesis by David Robert Torgeson 
submitted November, 1960, to Iowa State University, Ames, Iowa. 
This work was done under contract with the Atomic Energy Commission. 
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I. INrRODt.criON 
A. Nuclear and Nuclear Magnetic Properties 
In general (1) the atomic nucleus is found to have a mass 
M, charge Q, an intrinsic spin I or intrinsic angular momentum 
p, and a magnetic moment A!· Nuclei which have zero intrinsic 
spin are found to have zero magnetic moment. Classically, the 
atomic nucleus can be thought of as a small spinning spherical 
shell of mass M which has on its surface a unifonnly distributed 
charge Q. Using this simple picture of a spinning charged 
surface, a linear relation between the magnetic moment and 
angular momentum can be derived and ise = (Q/2Mc)p, where c 
is a universal constant equal to the speed of light in a vacuum. 
Different nuclear species are found to have different 
magnetic moments. The equation that is written to apply in 
general to all species is)! = 'l p, where ~ is a constant called 
the gyromagnetic ratio and is peculiar to a given nuclear 
species in a given energy state. The gyromagnetic ratio is 
sometimes expressed as p/1~, where ~ = h/41r. h is called 
Planck's constant and is 6.625 x lo-27 erg-sec. 
The spin of the nucleus is formally defined as 1/b times 
the largest observable value of the time average of the com-
ponent of p in a given rlirection. Experimentallv, the given 
direction is taken to be that of an externally-applied magnetic 
field H. 
2 
the spin = (1/~)(pH)max = I 1 
Excluding ferromagnetic and antiferromagnetic substances 
and in the absence of an applied magnetic field, inside a 
given sample the magnetic moments e of the nuclei will be 
randomly oriented. In the presence of an externally-applied 
field the magnetic moment will tend to be aligned with the 
field direction. However, from the quantum mechanical space 
quantization effect, the values of PH' the components of the 
nuclear angular momentum in the direction of H, do not form 
a continuous set of real numbers but form a finite closed 
set of real numbers. These are pH = ~' where m=I, I - 1, 
••• , -1+1, and -1. 
From other quantum mechanical considerations it is seen 
that the value of p.p = I(I+l)fi2 • Then the magnitude of the 
angular momentum vector is p = ~I(I+l)'~. Since (PH>max = 
I~ it is seen tnat the nuclear axis can never coincide with 
the field direction. 
Although coincidence with the field H is impossible, the 
field H does exert a torque L on a magnetic moment ~, that is, 
For a rigid body the torque ~ is defined as the time 
rate of change of the angular momentum, i.e., 
L = p • 
2 
3 
3 
Combining Equations 2 and 3, one has 
p = p X H • 4 
Substituting l = ~ p into Equation 4, one has 
5 
. Because p has a constant magnitude, p may be written as 
w x £t where w is the angular velocity of the magnetic moment 
and angular momentum vectors about the direction of ~- There-
fore, 
wxp= JpxH 6 
which can be written as 
!!?xp=-lHxp, 7 
or in terms of magnitude only 
W = IH. 8 
This shows vividly that tne frequency of precession of 
the nuclei in the presence of the field H is independent of 
the angle between the field and the magnetic moment. This 
precession frequency is called the Larmor precession frequency. 
Prom E quation 2 it is possible to derive the potential 
energy U of a magnetic moment E in a magnetic field H. Ex-
cept for a z~ro point energy constant 
9 
4 
Since the magnetic aoaent and the angular moaentua of 
the nucleus are related in a s~le one-to-one fashion, the 
set of values of PH is also a finite closed set of real num-
bers. This one-to-one relation also tells us that the mag-
netic moment can never coincide with the field direction. 
The values of this discrete set of numbers given in 
terms of m are 
U(a) = - pmH/I 10 
of which there are 21 + 1 values, since a • -1 to +I. It 
is found that I has integral and half-integral values. 
Of the 21 + 1 energy states one notes that for positiYe ~ 
the lowest energy state occurs when • = I, at which time the 
aagnetic moment is most nearly aligned with the field. At 
this point one asks why tbese nuclei do not all aove into the 
lowest energy state. 
Tberaodynamically the nucleus baa at least 3 degrees of 
freedom and because of the equipartition of energy each de-
gree of freedom has because of its temperature an energy of 
tkT, where k is Boltzmann's constant and is equal to 
1.380 x l0-16 erg/deg and T is the teaperature in degrees 
Kelvin. At room temperature this value ikT is much larger 
than the energy difference between the lowest and highest 
magnetic energy orientations with and against the field ~ 
5 
when H is of the order of 10,000 gauss. 
The thermal effect upon the nuclear magnetic energy 
levels is very great because of this very large energy of 
thermal agitation. Using the Boltzmann distribution condi-
tion, the relative population numbers Ni and Nj are related 
to the energies Ui and Uj of the ith and jth magnetic energy 
states and the temperature T in the ratio 
~ = exp ( -ui/kT) 
Nj exp (-uj/kT) 
• 
At room temperature U ~< kT and an expansion of the ratio 
above can be made. 
N-~ 
N-J 
= exp (-Ui/kT) ~ 
exp (-Uj/k'f) • 
11 
12 
An illustrative ex~mple is as follows: Consider a sam-
ple of protons which have spin t, }l = 1.41 x l0-23 erg/gauss, 
- 0 and at room temperature, T = 300 K, all in a field of 10,000 
gauss then 
Nt = exp ( pH/kT) = 
~l exp (-pH/kT) 
-2 
-6 1+ 6.8 X 10 , 13 
or for every million nnc1ei it1 the m = -1- state there are one 
mill ion and seven in the lowE'r m = t state. 
6 
B. Nuclear Magnetic Transitions 
In Niels Bonr's early analysis of the hydrogen spectra, 
he made the hypothesis that the energy change 6U between two 
atomic electron levels was related to the emitted or absorbed 
radiation in that the radiation had a frequencyw such that 
14 
The 21 + I magnetic energy levels are of this type also, 
however, transitions do not occur between widely-separated 
levels, but only between adjacent levels. A transition be-
tween adjacent levels corresponds to a 6m of +1 of -1. A 
selection rule (2) has been derived which allows only those 
transitions for which .1m is +1 or -1. 
The frequency of such a transition is then computed from 
Equations 9 and 14 to be 
w = AU 
ofl 
= elL = 
H1 
which is also the Larmor precession frequency. 
15 
. 7 For L1. the 
Larmor frequency, W/2-rr, is 16.547 Me in a field of 10,000 
gauss. If there is a radiation field of the proper frequency 
and orientation, a magnetic transition does occur. However, 
if that same radiation field is tuned to a frequency that is 
considerably different from that of the precession frequency, 
then no transitions will occur; hence, a magnetic transition 
7 
of this kind is a resonance phenomenon. 
The experimental arrangement with which one can induce 
transitions is as follows: Suppose there is a small radio 
frequency field ~ that rotates with constant magnitude H1 
and angular frequency w in a plane whose normal is parallel 
to the large field ~ (see Figure 1). The field fil will in-
duce a torque on the precessing magnetic moment ~ such that 
Lf =E. X Hl 16 
and by the absorption or emission of energy flw = 4 U the mag-
netic moment will go to a higher or lower energy level where 
it will be oriented more nearly against or with the field~ 
respectively. Thus the torque Lf is a flopping torque that 
can induce upward or downward transitions depending upon its 
relative v~ctor orientation with respect to~· 
If the frequencyw of the small field~ is different 
from that of the precessing nuclei, the torque Lf will change 
its orientation with respect to l! with a frequency~w: w_wL. 
If Aw is not too large, the radio frequency field will tend 
to induce upward transitions one half of the time and down-
ward transitions the remainder of the time. This will result 
in a nutation of the precessing magnetic moment. The time 
average of this torque will be zero. 
8 
Figure 1. Vector model snowing the relative orientations 
of the magnetic moment E_, rotating magnetic field 
H1 , and the tor·que !:f all rotating about the 
large field dir e ction H0 , at times t' and t". 
F1gure 2. Vector model illustrating the various components 
of !.! and~ in a bulk sample at a given instant. 
e 
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10 
c. Nuclear Magnetic Resonance in Bulk Samples 
Before giving a discussion of the complete mechanism 
for the recording of a nuclear resonance, one must realize 
that to speak of the resonance properties of a single nucleus 
or magnetic moment is experimentally naive. Only a discus-
sion of the nuclear and magnetic properties of a material on 
a per unit volume basis will satisfy the reality of the ex-
perimental situation. 
The magnetic flux density or magnetic induction B with-
1n a sample can be written as 
17 
where H is the total magnetic fielct and M is the volume density 
of magnetic moments or the magnetic moment per unit volume. 
In a simple isotropic substance the vector M is linearly re-
lated to the magnetic field strengtn H: 
M =X H ' 18 
where X is definect as the nuclear paramagnetic susceptibility 
per unit volume. 
In tl1 e sample ot two million and seven protons discuss~d 
hefore, whicb was ir1 a field of 10,000 gauss, it is th P Pxtra 
s~ven magn~tic moments in th e lower ene .cgy state that contrib-
ute toM, the net m<q; netic mom~nt per unit v•...,lume. It is 
" 
11 
the time variation of M that is of particular interest. 
Let z be the direction of the large field lio and x that 
of the radio frequency field of amplitude 2H1 and angular 
frequency w. The total magnetic field !! has components 
Hx = 2 H1 cos W t 
= 0 
= H 
0 
19 
To obtain the time variation of M one need not solve a 
Schroedinger equation but recall that the quantum mechanical 
expectation value of an operator follows the classical equa-
tions of motion exactly and that the magnetic and angular 
moments are parallel to one another. 
The resultant angular momentum f per unit volume of a 
given sample satisfied the classical equation of motion 
~ = T 
' 
where T 1s the total torque per unit volume acting on the 
nuclei. Now 
T=MxH, 
-o 
which is similar to Equation 2. 
20 
21 
An equation can be written to describe the relation be-
tween the angular momentum and magnetic moment per unit vol-
ume in strict analogy with the single nucleus case, 
12 
M = ~ p 22 
Combining Equations 20-22 
23 
Of special interest is a special solution of Equation 
23 when H1 <- < H0 and when the magnitudes H1 and H0 are con-
stant. Assume that tne frequency w of the r.t. field H1 
is in the neighborhood of thP Larmor precession frequency 
W 0 , where 
or such tllat 
= '( H ' 0 24 
The x and y components of the actual field H given by 
:/ 
equation 19 can be replaced by the sum of 
H~ = H1 cos wt H+ = Ill cosw t X and 25 
H+ 
y = Hl sin wt 
where the + indicates tl~ positive or counterclockwise and 
- indicates the negative or clockwide rotation about the z 
direction. 
If tne oscillating field has the same frequency as the 
precessing nuclei, one of the two oppositely-rotating com-
ponents will rotate with tne nuclei anJ the other against 
them. The component rotating against the nuclei will be very 
13 
different in relative frequency with respect to the nuclei 
and therefore its effect upon them will be zero. Using this 
concept, the total effective field that the nuclei "see" can 
be written 
~= Hl cosc.ot 
~= ;Hl sinwt 
Hz = Ho 
' 
26 
where the x and y components sum to give a component rotating 
in the xy plane with the rotation about the z direction in the 
negative or positive sense depending upon a positive or negative 
value of ~ (see Figure 2). 
The equation of motion of the rotating magnetic moment 
per unit volume (Equation 23) shows that the change in~ with 
respect to time is perpendicular to ~· This can only mean 
that the magnitude of the polarization does not change as a 
function of time. The only change in ~ is in its direction. 
For constant magnitude of the r.f. field H1 there is a 
special solution (3) of quation 23 where M is given by 
Mx = M sin ~ coswt 
My = ;M sin ¢ sin wt 27 
Mz = M cos ¢ . 
Here¢ is a polar angle, i.e., the angle between the z or Ho 
directions and M, and is constant and chosen such that 
14 
tan ~ = • 28 
This also means that the z component Mz is also constant. 
The minus or plus sign before w in Equation 28 is chosen if 
the value of 't is positive or negative respectively. 
Let H* =~be the value of the field H0 at which the pre-
cession frequency is the frequency of the r.f. oscillating 
field. Then Equation 28 can be written as 
tan ~ a 
H - H* 0 
• 29 
The angle ; between ~ and H is small as long as H0 is 
large compared to the resonance field H*. ~is between 0 and 
90 degrees if the difference H0 - H* is comparable to H1 • 
When H0 = H*, ¢ is 90 degrees. When H1 << H*- H0 , ~ ia 
nearly 180 degrees. 
Equations 26 and 29 can be rewritten as 
~ = H H* 0 -
= cot ~ • 30 
This equation gives a measure of the distance the large field 
H0 is from H* in units of H1. Using this notation one now 
has 
.. 
15 
M cos wt 
Mx :: (1 ·~2)t 
My = 
~ sinwt 
(1 + ~)i 31 
.M ~ 
.Mz = (1 ·~2)i • 
Although the solution (Equation 31) was found while 
working under the hypothesis that w, H0 , and therefore b 
were constant, one can show that Equations 31 are equally 
valid provided these quantities vary adiabatically or slowly 
enough so that 
32 
Notice that as resonance is approached or as H goes 
0 
* to H , Mx and My have attained their maximum values. As Ho 
begins to differ from H* they decrease in amplitude. 
Under these conditions several experimental procedures 
are possible. In all cases, H1 is held constant, while for 
example, one could operate at fixed field H0 and v_ary w , or 
with fixed frequency and variable field H0 • In tne Varian 
Model V-4200b Wide Line N-M-R Spectrometer used in the per-
formance of the experiments to be described in this report uu 
is held constant and Ho is slowly varied. 
In the induction type spectrometer (of which the Varian 
Spectrometer is an example) a coil is wound about the sample 
16 
with its axis in tbe y direction. Any radio-frequency flux 
which has a component in the y' direction will then be seen 
as an induced radio-frequency voltage at the terainals of the 
coil. Thus, as the y coaponent of the nuclear aagnetic mo-
ment per unit volume, or polarization !t grows in aagnitude 
while approaching resonance and then decreases after passing 
resonance, this change of My will produce a voltage in the 
receiver coil. The induction associated with My is By=41tMy· 
The receiver coil, as it is called, has N turns and a cross-
sectional area A. If the receiver coil is entirely filled 
with sample, the effective flux , through tbe coil will be 
• 
The radio-frequency voltage induced in the receiver 
coils is then 
v =-! £!! = ; 4 lT N.AM (&)cos c.u t 
c dt c(l +' 2)! ' 
where b is considered to vary extreaely slowly with time as 
compared to cos w t. 
33 
34 
Approaching resonance, the amplitude of the induced 
voltage V increases until H0 = wfr a H*, at which tiae V is 
a maximum, and as resonance is passed V decreases. Calcula-
tions show that V is of the order of millivolts under ideal 
conditions. This value of the induced voltage is an overeati-
17 
mate because the physical picture described here is a groas 
oversimplification. 
D. Spin-Lattice Interactions 
In the foregoing discussion, it was implicitly assumed 
that the atomic electrons do not cause appreciable fields 
at the nucleus, that interactions between neighboring nuclei 
can be considered negligible, and that thermal agitation does 
not appreciably affect the nuclei. 
Consider a given simple sample containing nuclei having 
spin I at room temperature and in the earth's own magnetic 
field. The populations of the (21+1) magnetic energy levels 
will be practically identical (to about 3 parts in 1011). If 
the sample is quickly put into a field of 10,000 gauss, how 
long will it take for the equilibrium excess number of nuclei 
to appear at the lower energy level? Thus, what is the mech-
anism of the relaxation process necessary for this equilib-
rium distribution to be established? In a thermodynamic 
sense, a relaxation process is any process of energy exchange 
between the nuclear spins and the lattice. The material sam-
ple of which the nuclei are a part, whether gas, liquid, or 
solid, is conventionally called the lattice. 
Immed1ately after placing the sample in the 10,000 gauss 
magnetic f~eld, the (21+1) magnetic energy level populations 
18 
have not yet changed and are still nearly equal. Recall 
Equation 12 
N· exp (-Ui/kT) U· 
-
U· 1 = = 1 + J 1 r. (-Uj/kT) - . J exp kT 
For I = t again, one has Equation 13, 
Since one knows Nt/N_t = 1 to about 3 parts in 1011 , then 
I "" -10 2~H kT = 3 x 10 , and since H0 is 10,000 gauss, this must 
mean that T is very large. One now defines Ts, the spin tem-
perature, as the number necessary to satisfy this equation. 
So, for nuclei with spin f, 
T = s 2pH 35 
This concept of a spin temperature (4) is reasonable, 
because, if as in this case, the populations are going to ad-
just so that some of the nuclear spins move i~to lower energy 
states, the moving spins must give up some of their energy 
to the lattice. Thus, there is an energy exchange or heat 
flow from the spins at temperature Ts to the lattice at tem-
perature T. 
In order for the spin system to give up energy to the 
lattice there must be a net downward transfer of spins from 
the higher energy state. From Einstein's theory of proba-
19 
bility coefficients, we know that the probability of transi-
tions upward by absorption is equal to the probability d0\\'11-
ward by stimulated emission. Thus it appears as though there 
can be no net dowt1ward transitions. However, the equality 
of probabilities mentioned here refers to transition stimu-
lated by interactions with a radio-frequency field. We are 
now considering only the interactions between the spins and 
the lattice. 
Let Ni and Nj be the equilibrium populations of two ad-
jacent magnetic energy levels i arid j which differ in energy 
by U. - u .. If 3 detailed balance is to be maintained at a 
J 1 
lattice tem.~:Jerature T, the number of upward and dO\mward 
transitions must be equal, hence 
36 
where W(i-+j) js the total probability per unit time of a 
single transition between tl1e i and j states. At equilibrium 
w ( i -+ j) N· U· u. ~ -1 J ( _i -i) -- N. = exp 37 w 1 kT 
Since a single t.ransition from i to j cannot depend up-
on the population of j, the total probabilities W must be re-
lated to the quantum-mechanical probabilities P through the 
Bolt7.rn::lnn factor of the final state even before equ:llihr·iurrt 
is obtained: 
20 
38 
Again consider the case of the proton. Since P(f-+-t) = 
P( --! -+i), one has 
W ( f-+-t) = P exp C-p HofkT) 
W (-!-+f) = P exp ( p H0 /kT) 
If the spin system is at a temperature T different 
s 
39 
from the lattice temperature T and the excess number of spins 
in the lower spin state n changes by 2 after each transition, 
then the rate of change of n is 
40 
Now n<< N = N + N l' and substitute t -2 
w ct -+-t) = p (1 pH0 /kT) 41 
w ( -t-+t) = p (1 + pH /kT) 0 
into Equation 40 
~ = 2P . (n - n) dt 0 42 
where n0 = N pH0 /kT is ihe value of n at equilibri urn between 
lattice and spin. Integrating Equation 42 one has 
43 
where n 8 is the initial value of n~ Equilibrium is thus ap-
proached exponentially with a characteristic time 
21 
T l = 1/2 P 44 
and T1 is called the spin-lattice relaxation time. 
E. Spin-Spin Interactions 
Nuclear spins interact with their lattice as we have 
Just seen but nuclear spins also interact with other neighboc-
ing spins through their magnetic fields. Classically, each 
nucleus sees the large externally-applied field H and a 
-o 
small local magnetic field H1 1 which is produced by 
- oca 
neighboring nuclear dipoles. Depending upon the vector ori-
entations of the ueighboring magnetic moments in the possible 
(~T + 1) states, a given nucleus sees a slightly greater or 
smaller magnetic field than the large field H • 
0 
The magnetic field of a magnetic dipole p decreases as 
a function of l/r 3 • • For protons, when r = lA, then H = local 
5 gauss. In general, the energy levels are broadened by an 
amount of about p Hlocal/I, or in terms of frequency, by 
iw = 't H which is 104/seconds for protons. This could local 
mean that two protons precessing in phase at time t = 0 can 
be expected to be out of phase in a time of the order of 
1/~w= 10-4 seconds. Thus, one introduces a general spin-
spin interartion time T2 to represent the lifetime or phase 
memory time of the nuclear spin state. 
22 
F .. Saturation 
In the absence of the radiation field, the populations 
are as described before.. In the presence of the radio-
frequency radiation and upon absorption of energy, the equiLW-
riurn populations tend to be equalized.. The new dynamic 
state, i.e., in the presence of the radiation field, repre-
sents a balance between the energy absorption mechanism of 
the spins and the transfer of energy to the lattice by any 
and all internal degrees of freedom of the sample. 
From Equation 42 and 44 one finds the differential 
equation for n to be 
dn 
dt = 45 
When radiation is present another term is added to ac-
count for the upward transitions due to energy absorption 
dn = 
dt 
) c 
- n ' 46 
where C is the probability per unit time of a transition by 
a nucleus in a radiation field. 
The steady state is reached when dn/dt = 0, and Equa-
tion 46 can be ~.rritten using n 5 for the steady state value 
for n 
1 
1+2 cr· 1 
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Quantum-mechanical calculations show that for spin t, 
C = f r 2H~T2 , thus Equation 47 becomes 
where S 
= 
1 
1 + ¥2H"f T 
1 1 2 
1 
= 1 + s 
= 't 2cN T ~ is called t ·he saturation factor. 
·1 1 2 
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If the amplitude of the applied radio-frequency field H1 
is large, then ns/n0 becomes very small. The populations are 
nearly equal in all levels, the spin temperature T becomes 
s 
very large, and the spin system is said to become saturated. 
G. Bloch Equations 
Recall Equation 23 : 
dM/dt = 'i M x H • 
As we now realize the right side of this equation is in-
complete because it ignores several of the mechanisms by which 
M changes. If the spin system and the lattice are described 
by two different temperatures Ts > T in the absence of a mag-
netic radiation field, Mz approaches M0 e~ponentially with a 
characteristic time T1 so that 
49 
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Figure 3. Schematic representation of the resonance record-
ing process in terms of the y component of the 
polarization and the modulation field. 
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Transverse components ~ and My are tbe rotatiDB ca.ponenta 
of the preceaaing !• Aa we have aeea, in the absence of the 
radio-frequency field, local inho.agenities of the large aag-
netic field inside tbe sample cause individual nuclei to loos e 
their phase coherence in a time of the order T2 , thua bring-
ing Mx and My to zero. 
Bloch (3) has assumed that Mx and My approach zero ex-
ponentially with characteristic times T2 giving 
dMx = _Mx 
dt ~ 
and dMy • _ My 
-
• dt 
Thus T2 is often called the transverse relaxation tiae. 
so 
Bloch obtained the differential equations of the three 
components of H by combining Equations 49 and SO with 23z 
• 
- 't (MYHo - M H ) Mx + Mx • 0 z y 
'1'2 
My - 't (MzRx - Yo> + ;; • 0 
where H and H are given by Equation 26. X y 
Upon integration of the Bloch equations, the general 
shape of My in arbitrary units as a function of H is that 
shown in Pigure 3. 
Sl 
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The shape of My as a function of H giYes an idea of the 
relative number of nuclei that are precessing at a given field 
value wj~ = H. All the nuclei do not precess at tbe same 
field value because of the local magnetic field differences 
in the sample due to neighboring magnetic aoaents, etc. 
The present physical interest ia aagnetic resonance lies 
not merely in finding resonances, but for the investigation of 
the resonance shape and width as a source of inforaation for 
a clearer understanding of tbe relaxation processes, nuclear 
electric quadrupole interactions, aagnetic interactions, 
saturation processes, theraal effects, etc. 
H. Recording a Nuclear Magnetic Resonance 
In the experiaental recording of a nuclear aagnetic 
resonance the frequency uv of the r.f. maguetic field is aain-
tained constant and the field H0 is slowly and uniforaly in-
creased or decreased through the resonance. In the z or H0 
direction a low frequency c~4o cps) magnetic aodulating field 
is produced by a set of Helaholtz coila driven by an audio am-
plifier. The instantaneous value of tbe z coaponent of the 
magnetic field is then 
H = H (t) + H cosil t , o -~ m 52 
where H0 (t) is understood to be a ver.y slowly varying function 
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of time. Jia is the aaplitude of the aodulatiOD field with Jl11 
its angular frequency. 
such that T2 <<.1/ Il 11 • 
For nor~~al operation, .n • is adjusted 
Figure 3 shows tbe variation of H by the aodulation 
field schematically represented by a sinusoidal curve of 
aaplitude 2Ha with its axis vertical. When a portion of the 
My curve experiences a given field value, resonanc~ for those 
nuclei occurs, whereupon the nuclei change magnetic orienta-
tion and induce a voltage in the receiver coil. After a time 
l/2fl 11 other nuclei a magnetic distance 2Ha away are in reso-
nance. After time T2 the first group of nuclei have relaxed 
through spin-spin interactions. After another 1/2fllll units 
of time, the originally excited nuclei are again resonated. 
With the help of Figure 3, one can see that the induced 
voltage in the receiver coils (proportional to the peak-to-
peak amplitude of the curve on the right hand side of Figure 3) 
is a measure of the difference in the number of nuclei at the 
two field values at the ends of the peak-to-peak modulation 
amplitude. It becomes apparent that if ~ is small enough, 
the received signal is the derivative of My• A practical rule 
for 2Hm is that it be one-fifth of the resonance width. 
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II. RESUME OF THE PROPERTIES OF LITHiai 
Lithium is found (5) in two isotopic states, Li6 which 
is 7.43% abundant and Li7 which is 92.57% abundant. Li6 
has a spin of 1 with a NMR frequency of 6.265 Me in 10,000 
gauss while Li7 has a spin of 3/2 with a NMR frequency of 
16.547 Me in 10,000 gauss. Li6 and Li7 have nuclear electric 
-28 2 -26 2 quadrupole moments of 4.6 x 10 em and -4.2 x 10 em re-
spectively. Li6 has one of the sma~lest quadrupole moments 
measured while the quadrupole moment of Li 7 is still consider-
ed to be smalt. 
Lithium metal has a body-centered cubic crystalline 
structure (6) between 75°K and 186°C at which temperature it 
melts. 0 . . Below 75 K l1th1um metal has a hexagonal close-packed 
crystalline structure. 0 At 25 C, the temperature at which th~ 
experiments to be described in this report were performed, 
the cubic structure of lithium insures that electric quadru-
pole interactions can be ignored. No mention of the quadru-
pole interactions in lithium or in general will be made in 
this report. 
Lithium metal is the lightest metal known, with a density 
of 0.514 gm/cm 3• Since lithium is a metal and an electrical 
conductor, it has a radio-frequency skin depth. In order 
that any NMR spectrometer "see" a resonance in lithium metal, 
the sample must be chopped up into fine particles. To elim-
inate cohesion the lithium particles are mixed with mineral 
' 
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oil. Since the surface area of a given quantity of sample 
is much larger when chopped up into fine particles than when 
left in a single chunk, more nuclei per unit volume experi-
ence the effect of the radio-frequency magnetic field, etc., 
and thus the output signal can be quite large. 
In a very general way the NMR lines in gases and liquids 
are very narrow, whereas solids characteristically have quite 
broad resonance lines. The ratio of these widths can be as 
large as 100,000 to 1. It is found that the line width is 
in general proportional to l/T2 , where T2 is the spin-spin 
relaxation time. It is because of the lower density of 
liquids and gases that, compared to solids, the spins are 
separated by a larger distance so that it takes considerably 
longer for the spin system to relax for liquids and gases 
than for solids. For the same reason the local magnetic 
field inhomogenities are much smaller in liquids and gases 
than in solids. 
Also, in a very general way, rigid solids have Gaussian 
resonance shapes with an absorption derivative amplitude of 
-2Xexp(-X2) where X is the dimensionless abscissa parameter. 
Liquids characteristically have a Lorentaian resonance shape 
with an absorption derivative amplitude of -2xst/~l+S+X2 ), 
where S is the saturation factor. Depending upon the tern-
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perature of the sample, lithium can exhibit either of these 
two resonance shapes while it ia in the solid form. 
Below 230°K lithium (7) has a nearly Gaussian resonance 
shape with a line width of 6.2 gauss. With increasing tem-
perature the resonance becoaes quite narrow. Near room 
temperature it has a width of 0.13 gauss and has the Lorentzi-
an line shape. Solid lithium near room temperature "looks 
like" a liquid in the sense of the NMR signal. 
The reason that the NMR line in lithium is narrower at 
room temperature is that at this temperature there is self-
diffusion occurring within the sample. Lithium atoms move 
from one lattice site to an unoccupied adjacent lattice site, 
overcoming in this movement a free energy barrier. The lat-
tice of the metal is then not rigid in the microscopic sense 
at room temperature, and the resonance line is said to underso 
motional narrowing. Because of this diffusional motion, nu-
clei "see" a more averaged local magnetic field inhomogeniety 
than in the rigid lattice case, and this results in a narrow-
er line. 
Considerable work has been done in studying the phenom-
enom of self diffusion in lithium by NMR methods. It has 
been found that lithium has an activation energy for self 
diffusion of 12.1 Kcal/mole, both by induction NMR spectro-
scopic methods and spin-echo spectroscopic methods.! 
1Engardt, R. D. and Hultsch, R. A., Ames, Iowa. Value 
obtained from work supported by the u.s.A.E.c. in the Ames 
Laboratory. Private communication. 1960. 
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III. DESCRIPriON OF THE VARIAN WIDE LINE SPECTRC»mTER 
The experiments to be described in this report were 
performed using a Varian Associates Wide Line NMR Spectro-
meter, model number V-4200B. 
The major components of the spectrometer system and the 
functions that each component performs are as follows: (8, 
p. 9) (see Figure 4 for the block diagram) 
Variable Frequency RF Unit (Model V 4210) 
1. Tunable oscillator and RF amplifier for driving 
tiE transmitter coil in the probe. 
2. Receiver, which tracks with the transmitter, for 
amplifying and demodulating the NMR signal. 
Probe (Model V 4230) 
1. A sample holder. 
2. A transmitter coil which generates the H1 
rotating field. 
3. A receiver coil which picks up the NMR signal. 
4. A pair of sweep coils which introduce periodic 
variations onto the H0 field. 
Sweep Unit (Model V 4250) 
Generates a sine wave sweep voltage at selectable 
periods which is delivered to: 
1. x-axis of an oscilloscope. 
2. Sweep amplifier input terminals. 
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Sweep Amplifier Unit (Model V 4240) 
1. Amplifies sweep unit output and drives the sweep 
coils in the probe. 
2. Drives the synchroverter (phase detector) in 
the output control unit. 
Output Control Unit (Model V 4270) 
1. A phase detector which demodulates the NMR 
signal from tne sweep carrier. 
2. A controllable filter limits the band widt~ 
and reduces higher harmonics of the sweep 
carrier. 
3. Performs auxiliary control functions. 
Selector Unit 
1. Selects the scope presentation. 
2 . A filter which limits the band width of the 
signal presented to tbe scope. 
Oscilloscope (Hewlett Packard Model 120A) 
Presents a visual display of NMR signals. 
Graphic Recorder (Model G-10) 
Records strong or weak NMR signals. 
Regulated Power Supplies (Models V 4260 and V 4261) 
Supply power to spectrometer system. 
Procession Field Scanning Unit (Model V 4280) 
Controls the current output of the electromagnet 
Figure 4. Block diagram of the wide-line spectrometer and regulated electromagnet. w 
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power supply for producing wide range and slow 
variations in the polarizing field ~· 
The Varian spectrometer and most other nuclear induction 
spectrometers employ a set of flux-steering paddlea (9) 
which are metal plates or plugs that can be moved with re-
spect to the transmitter coils in tbe probe. By proper ad-
justment of these paddles it is possible to record the reso-
nance signal that is in phase, or 90 degrees out of phase, 
with respect to the radio-frequency exciting aignal. In this 
way variations of My (absorption mode), variation• of Mx 
(dispersion mode), or combinations of these can be obtained 
as desired. 
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IV. RESULTS AND <nlPARI5atl WITH THBCRY 
Because lithium metal resembles a liquid in the sense 
of the nuclear magnetic resonance, it has a spin-spin relax-
ation time at 25°C that is very small compared with most 
metals, but yet large compared with most liquids. In the re-
cording of nuclear magnetic resonances of liquids by the con-
ventional high resolution methods it is not necessary to 
modulate the large magnetic field Ho with a low frequency 
magnetic field. To get resonances of liquids by high resolu-
tion techniques, it is only necessary to scan the resonance 
repeatedly with a slow linearly varying field. In the case 
of lithium metal at 25°C, however, it is necessary to modu-
late the large magnetic field H as is done to obtain res-
o 
onances in solids. 
As was stated in the introduction, for general recording 
of nuclear magnetic resonances of solids the modulation fre-
quency !l m is adjusted such that T2 <.< l/.!1,n. It is apparent 
from Figure 3 that for sufficiently small Hm• the amplitude 
of the modulation field, the signal amplitude is given by 
~ dMY(H)/dH. If, however, T2 is comparable to but smaller 
than li2m, then, because of the ttnuclear memory capacity" of 
the sample, the signal can no longer be a simple function of 
the modulation amplitude or of the magnetic field H. In this 
case a hysteresis effect occurs and there is a signal com-
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ponent displaced 90 degrees with reapect to the modulation 
field. 
K. Halbach (10) has proposed a theory whereby no restric-
tion is made upon the modulation frequency[t • In the 
• 
theoretical development, Halbach begina by modifying the 
Bloch equations by replacing Ho in these equations with H0 +Ha 
cos~t. In order to solve theae modified Bloch equationa, 
he expands the dimensionleas components of th~ magnetic polor-
ization, U = MxJM, V = MyiM, and W ~ Mz/M as Fourier series 
in terms of the modulation frequency. In order to further 
resolve these modified equations, the Fourier coefficients Un' 
Vn' and Wn are developed in power series in terms of the am-
plitude of the modulation field ~· By eliminating the com-
ponent Wn, Halbach obtains a system of equationa for the co-
efficients un,~ and vn,~ which appear in this power series. 
He shows that all the coefficients U and v ~ , for which 
n,~ n,r 
~< lnl, vanish. Halbach also shows that U0 , 0 (X) and v0 , 0 (X) 
are the familiar Bloch slow passage 
b' x st 
uo,o(X) = l+S+x2 ' 
b' st 
Vo,o<X) = 2 • l+S+X 
solutions to Equations ~. 
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By using these values, U (X) and V (X), Halbach has 
o,o o,o 
obtained the first order solutions shown in Figure 5. These 
are called the first order approximations because they repre-
39 
sent the second coefficient in the power aeries expansion in 
terms of H • One can use these equations validly only when 
• 
~ is small so that higher order terms of a_ can be consid-
ered negligible. Note in Figure 5 the definitions of the 
terms used in the Halbach equations. v11(X) and u11cx), 
as they are called, are dimensionless functions of tne di-
mensionless parameter X= (w- w0 )T2 • 
In order to more clearly understand the Halbach solu-
tions, which are complex functions, they haYe been separated 
into their real and imaginary (quadrature) coaponents. The 
separated Halbach solutions are displayed in Pigure 6. 
Lithium metal at 25°C has a spin-spin relaxation tiae 
T2 = 0.87 milliseconds. Using a modulation frequency f.= 42.0 
cps, this means that 1/Ilm = 3.79 milliseconds which is great-
er than T2 but of the same order of magnitude. It is thereby 
apparent that tbe Halbach solutions should apply to the NMR 
properties of lithium at 25°c. 
The separated Halbach solutions were calculated numeri-
cally for la~ge ranges of the values of h1 and X using the 
IBM 650 electronic digital computer. In order that this 
machine calculation could be made, the constants p andlL 
were evaluated using the best known values (11) of T1 and T2 
for lithium metal at 25°C, and are T1 = 0.140 seconds and 
Figure 5. 
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The Halbach equations for the complex absorption 
(V) mode and the dispersion~) mode derivatives 
as functions of X. Several symbols used in the 
equations are defined. 
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HALBACH EQUATIONS 
v11 (X)= hi 
X (2- j !l) 
1 + x2+ y x2.(1-j!l) ( 1- j .0. + h 2 ) ,8~ j.O. {3 
hi 1- j.Q 
ht2 2 
+ -X (,8- j .0,) 
U 11 (X)= 2 2 
x2 + o -i .o.> (I - i .o. + hl2 ) I + X + h1 
-{3 !3- j n 
WHERE hI = r H1 T2 , fj = T 2 I T1 , X=( Cll- w0 ) T2 
.n= .n m T 2 , .n m = 2 1'1' f m , and j = J-i . 
2 2 2 2 2 2 NOTE THAT !j_ = r H T2 _j_= r H1 T1 T2 = S 
fj T2 
THE SATURATION FACTOR. 
Figure 6. The Halbach real and imaginary (quadrature) solutions for the ab-
sorption (V) mode and the dispersion (U) mode derivatives as func-
tions of the dimensionless abscissa parameter x. 
~ 
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and T2 = 0.87 milliseconds. 
was maintained at 42.0 cps. 
The modulation frequency f 
m 
The value of ~ , the gyromag-
4 -1 -1 
netic ratio, used was 1.040 x 10 sec gauss The equa-
tions used in the machine calculation are displayed in Figure~ 
These four equations were calculated for approximately 
20 selected values of h while 1 increasing X from 0 to 10 in 
0.1 steps in the absorption mode case and from 0 to 20 in 
0.2 steps in the dispersion mode case. It is expected (10) 
that the absorption mode derivative line shape be antisymmet-
ric with respect to X and that the dispersion mode derivative 
line shape be symmetric with respect to X. Therefore it was 
only necessary to calculate one half of the line shape in 
each case. In all cases the values of h1 and X were suffi-
cient to adequately determine the theoretical line shapes. 
To obtain the desired information from these calcula-
tions, the results of the line shape calculations for selected 
values of h1 were plotted in large scale and the desired in-
formation, such as amplitudes and widths, were carefully read 
from these drawings. The various theoretical curves su~h as 
those in Figures 8, 10, 14, 19, 21, and 22 were obtained in 
this way. 
The sampl~ of lithium metal chosen for the experimental 
work was purchased from the Lithium Corporation of America. 
The lithium metal was in the form of fine particles dispersed 
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in mineral oil. The approximately spherically shaped parti-
cles were such that 90% of them were less than 20 microns in 
diameter. 
At tne temperature and radio frequency at which the ex-
periments to be discussed in this report were performed, the 
ratio-frequency skin depth is about 50 microns. These parti-
cles were small enough so that no problems connected with the 
finite skin depths are expected. 
In the following discussions the term "saturation study" 
will be used repeatedly. A saturation study is an experi-
mental determination of the effects of the radio-frequency 
field amplitude H1 on the shape and intensity of the resonance 
signal. We have seen in section P of the introduction that 
wnen the amplitude of the applied radio-frequency field be-
comes sufficiently large the level populations become equal-
ized with an accompanying decrease in resonance signal. Ex-
perimentally, the resonance shape is recorded at each of a 
series of selected values of H1 , the entire sequence forming 
the saturation study. 
The term "at saturation" is conventionally used to refer 
to various properties of the signal when the signal amplitude 
is at its maximum value witn respect to the radio-frequency 
field H1 • 
Figure 7. The Halbach real and imaginary (quadrature) solutions for the absorp-
tion (V) mode and the dispersion (U) mode derivatives as functions of 
X and h1 , with the constants evaluated for lithium metal at 250C and 
a modulation frequency of 42.0 cps. 
~ 
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A. Real Absorption Mode 
The first interesting result of a saturation study of 
the absorption mode peak a•plitude signal of Li7 in lithium 
metal at 25°c is that, after applying the data to the classi-
cal (Bloch) theoretical curve, it is evident that the Bloch 
theory does not describe or follow the experimental data. 
The classical absorption mode peak amplitude as a function 
of the saturation factor S is proportional to si/(l+S) and 
has its peak value at S = f. The experiaental data in Figure 
8 have been normalized to the curYe at its maximum. In Fig-
ure 8 the Halbach theoretical peak amplitude of the absorp-
tion mode derivative is also plotted. The same experimental 
data are normalized to the Halbach curve at its maximum which 
occurs at S = 1.5. It is apparent that within the limits of 
experimental error, the data do follow the Halbach curve. 
This means that for lithium metal at 25°c and a modulation 
frequency of 42.0 cps, the absorption aode peak derivative 
amplitude has its maximum at S = 1.5. 
In order to determine the experimental S scale the as-
sumption was made that, at a fixed frequency of the radio-
frequency oscillator of the Varian spectrometer, the ampli-
tude of the radio-frequency magnetic field H1 is directly 
proportional to the current in the transmitter coils. In 
order to have some idea of the mag'ni tude of the current in 
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tne transmitter coils, the voltage applied to these coils is 
rectified by a series combination of 3 crystal diodes. The 
direct current 1dc that flows through the crystal diodes is 
displayed by a 100 pa ammeter. 
It is possible to find the proportionality constant be-
tween H1 and the metered current ide experimentally. Since 
one can find tne current, (idc>max' at which the maximum in 
tne peak amplitude of the absorption mode derivative occur~, 
assuming that S = 1.5 at this maximum together with the fact 
that S = ~ 2H~T1T2 and that 'i, T 1 , and T2 are known, one can 
obtain the following equation: 
H = _Y_( ___ ..;..l) ___ \~ ide· 
1 ° 1dc max ~ ~ 54 
To verify this equation, an experimental run was made 
at about 14 Me, and a maximum in the experimental absorptior 
mode derivative peak amplitude was found at ide = 120 micro-
amperes. Using this value of the metered current at the ma} 
mum, (id ) , it was found tnat H1 = 90 ide· A plot of thj c max 
equation can be seen in Figure 9 together with a best-fit 
line through experimental data that were obtained with a 
calibratPd search coil. Within the limit of experimental 
e rror these two methods of determining H1 as a function of 
ide are equally valid. 
Figure 8. Graph of the classical (Bloch) and the Halbach theoretical absorption 
mode derivative peak amplitude in arbitrary units as functions of the 
saturation factor s. The circles and triangles represent one set of 
data of the experimental absorption mode derivative peak amplitude 
as a function of S, normalized to the two theoretical curves. The 
circles are normalized to the classical (Bloch) curves at its maximum 
which occurs at S = 0.5. The triangles are normalized to the Halbach 
curve at its maximum which occurs at S = 1.5. 
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Figure 9. Graph of the amplitude of the radio-frequency 
magnetic field H1 in gauss as a function of 
the metered current idc in micro-amperes. The 
solid line with slope 90 gauss/ampere was ex-
perimentally derived from absorption satura-
tion data using the Halbach theory, whereas 
the line with slope 81 gauss/ampere is a best-
fit line through data obtained with a cali-
brated search coil. 
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Figure 10. Graph of the theoretical and experimental half 
peak amplitude~ and the half width bXa/2 of 
the absorption mode derivative as a function 
of the saturation factor s. The boxed insert 
contains a typical absorption mode derivative 
trace. ~and ~Xa are defined in the insert. 
The experimental data are normalized to the 
theoretical curves at S = 1.5. The data points 
represent four different experimental runs. 
The four different runs are distinguishable 
by the use of the circle, square, triangle, 
and the inverted triangle. The data for ~ 
as a function of S are represented by open 
circles, squares, etc., and the data for 
&Xa/2 as a function of S by the solid data 
points. 
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Figure 11. Four graphs of one half of the real absorption 
mode derivative line shape at selected values of 
the saturation factor s. The solid curves are 
the averaged experimental line shapes and the 
points are the Halbach theory points. The 
theoretical points are normalized to the ex-
perimental curves at their maxima. The or-
dinate scales are in arbitrary units • 
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In establishing the validity of Equation 54 it has also 
been proven that indeed S = 1.5 at the maximum of the ex-
perimental absorption mode derivative peak amplitude. 
In Figure 10, the Halbach theoretical half peak ampli-
tude ~ and the half width iXa/2 are plotted as functions of 
S over a range of S-values from about 0.1 to over 100. Also 
in Figure 10, the experimental data from 4 different satura-
tion studies of the half peak amplitude and half width are 
plotted as functions of s. The experimental data are fitted 
to the curves at S = 1.5. 
At 25°C litnium metal is unusual both in the sense that 
its nuclear magnetic resonance line is very narrow and also 
in that the resonance saturates at such a small value of H1 
compared to most other metal5. The first effect arises from 
the relatively small value of the activation energy for self-
diffusion, and the second from tne relatively large value of 
the spin-lattice relaxation time T1 • Because the resonance 
saturates so readily, the linear range of S-values obtainable 
with lithium with a typical induction spectrometer is much 
greater than that obtainable with most other materials. 
In the saturation study of the real absorption mode 
derivative, four line shape studies were made at S-values of 
0.1, 1.45, 10.1, and 10~. Figure 11 displays four averaged 
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experimental line shapes drawn as solid curves onto which 
the theoretical points are superimposed. Averaged experi-
mental line shapes were used to remove minor fluctuations re-
sulting from magnetic field and radio-frequency drift during 
the time of recording. The theoretical points are fitted to 
the experimental curves at the point of maximum amplitude. 
B. Complex Absorption Mode 
Prom the calculations of the Halbach theoretical real 
and imaginary (quadrature) absorption mode derivative line 
shapes it is found that the intensity of the imaginary com-
ponent is much less than that of the real part. As will be 
seen in the following discussion, the actual recorded signal 
is consequently a sensitive function of the phase angle be-
tween the in-pnase (real) signal and the actual or complex 
signal. 
The NMR signal recorded by the graphic recorder enters 
the output control unit of the spectrometer as time-varying 
amplitude signal having the frequencyil of the modulation 
m 
field. In the normal operation of the Varian spectrometer 
it is necessary to frequently readjust a phasing control re-
sistor in the output control unit, so that with proper adjust-
ment tne signal amplitude at the chopper contacts of the syn-
chroverter is zero when switching oc~urs. In this way, the 
signal recorded by the graphic recorder is 1n phase with the 
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Figure 12. Vector diagram of the complex absorption mode 
derivative amplitude A at a given instant. 
8 is the phase angle between the complex ab-
sorption mode derivative and the real ab-
sorption mode derivative. 
61 
' 
' 
' 
' 
' 
' 
' 
' 
' 
' 
' ' 
' 
A = Re V11 (X) cos 8 + lm V11 (X) sin 8 
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modulation field. If, however, it is desired to record the 
signal that is 90 deg out of phase with respect to the modu-
lation field phase, more precise and reproducible control of 
the relative phase is required, because of the considerable 
disparity in amplitude of the real and imaginary components 
of the signal. 
For this purpose the single turn 470,000 ohm variable 
resistor used in tre modulation phasing control was replaced 
by a variable series resistance network which contained a 
30,000 ohm ten-turn helipot so that the resistance could be 
reset with precision. 
With the advent of the use of this precision phasing 
control, several peculiarly shaped signals were recorded in 
the vicinity of the out of phase position. In order to un-
derstand these unusual shapes, complex derivative line shapes 
were calculated from the real and imaginary signal shapes 
derived from the Halbach theoretical expressions. Figure 12 
displays a vector diagram for the calculation of the theoreti-
cal complex absorption mode derivative line shape. The angle 
e is defined as the phase angle between the modulation field 
and the recorded signal. The intensity of the complex line 
shape for a given value of e is evaluated for each X point 
using tne equation displayed in Figure 12. 
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Figure 13 contains several of the theoretical complex 
absorption mode derivative line shapes for values of the 
phase angle 9 near 90 deg. Note that as 9 increases from 
about 90 deg, the resonance tails cross the X axis and at 
the same time the peak intensity diminishes. At values of 9 
between roughly 93 and 105 deg there are two sets of peaks 
in the line shape. For tbe last shape in Figure 13, 9 = 
110 deg, and the inner peak is no longer visible. 
A plot of the theoretical inner and outer peak ampli-
tudes as a function of the phase angle 8 for S = 1.5 is sho~ 
in Figure 14. The curves for the inner and outer peak ampli-
tudes intersect at 98.1 deg. This intersection of the two 
amplitude curves provides a very sensitive method for ad-
justing the experimental modulation phase in the Varian spec-
trometer. In Figure 14, the amplitude of the inner and out~ 
peaks at the point where they are equal is 24.5 arbitrary 
units, whereas the amplitude of the inner peak at 90 deg is 
59.5 units. 1 Thus, the amplitude of the inner peak at 90 deg 
is 59.5/24.5 = 2.41 times its amplitude at 98.1 deg where 
the inner and outer peak amplitudes are equal. This relation 
can be used in determining tne correct experimental 90 deg 
and zero degree phase positions of the phasing control re-
sistor. 
In carry1ng out the experimental determination of the 
proper setting of the phasing control resistor a sequence of 
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Figure 13. Graph of the theoretical complex absorption 
mode derivative at a saturation factor value 
S = 1.5 and at several selected values of the 
phase angle 8. The insert at the lower center 
of t~ figure defines the amplitude A and the 
dimensionless parameter x. 
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Figure 14. Graph of the ao-called inner and outer peak 
amplitudes of tbe coaplex abaorption mode de-
rivative as a function of tbe phaae angle 9 
for one value of the aaturation factor, 
s = 1.5. 
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INNER PEAK AMPLITUDE 
(90.0°, 59.5) 
OUTER PEAK 
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Figure 15. Circuit diaaram of the 90 degree electronic phase ahifter and aaaoci.ted 
cathode follower circuit. 
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I 
A typical complex absorption mode deriYatiYe 
recording sequence used to determine the 0° or 
900 phase positions. The numbers 0, 25, 50, 75, 
etc., to the right of the traces indicate the 
respective helipot setting of the phasing con-
trol resistor. During 0° and 900 phase angle 
position determination• of this type, the ex-
periment is performed at a saturation factor 
value of S = 1.5. 
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Figure 17. Graph of the experimental inner and outer peak 
amplitudes of tbe co.plex abaorption mode de-
rivative data shown in the preceding figure. 
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NMR signals resembling the shapes of those in Figure 13 are 
recorded. A typical sequence of such experimental recordings 
is shown in Figure 16. The experimental inner and outer peak 
amplitudes in arbitrary units of the traces seen in Figure 16 
are shown in Figure 17 as functions of tbe helipot setting 
of the phasing control resistor. One may note in Figure 17 
that the experimental inner and outer peak amplitude curves 
intersect at an amplitude of 19.3 arbitrary units. Moving 
along the experimental inner peak amplitude curve to an ampli-
tude which is 2.41 x 19.3 = 46.5 units shows that the 8 = 90 
deg position should occur at a helipot setting of 56.8. 
In the Varian spectrometer, the demodulated resonance 
signal is normally directed from the radio-frequency amplifier 
to the synchroverter. In order to precisely determine the 
phasing control setting corresponding to 8 • 0 deg, the signal 
is interrupted between the radio-frequency amplifier and the 
synchroverter and sent into a 90 deg phase shifter and cathode 
follower circuit (see Figure 15). The output signal from 
this circuit is then sent to the synchroverter. By the same 
procedure used to determine the 8 = 90 deg phasing control 
position, an apparent 90 deg helipot setting can be obtained. 
By-passing the 90 deg phase shifter circuit, the signal is 
now in phase with the modulation field. 
The phase shifter shown in Figure 15 was constructed such 
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that it could be set to provide an exact 90 deg shift for 20, 
40, 80, 200, and 400 cps, as well as for any other audio-
frequency which might be used as a modulation frequency with 
the Varian spectrometer. 
c. Imaginary (Quadrature) Absorption Mode 
Figure 18 contains five selected theoretical imaginary 
(quadrature) absorption mode derivative line shapes. Note 
that for very low values of S the tails of the curves cross 
the X-axis. As S is increased the same qualitative change 
in tne line shape occurs that occurred in the complex absorp-
tion line shape as the phase angle 9 was changed. At large 
S-values, the curve has turned over and the tails no longer 
cross the x-axis. 
The theoretical inner and outer peak amplitudes of the 
imaginary derivative as functions of the square-root of the 
l 
satura~ion factor , s2 , are displayed in Figure 19. Note that 
~ 
the inner and outer peak amplitude curves intersect at s~ = 
3.02. This corresponds to an S-value of 9.12. 
A saturation study was performed on the imaginary ab-
sorption mode. The data of this study in the form of the ex-
perimental inner and outer peak amplitudes in arbitrary units 
as functions of the metered current ide is displayed in Figure 
~0. For higher values of ide a straight line is drawn through 
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Figure 18. Graph of several theoretical imaginary (quadra-
ture) absorption aode derivatibes at selected 
values of tbe saturation factor s. The inaert 
at the lower center of the figure define• the 
ordinate and the dimenaionleaa parameter x. 
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.. Figure 19. Graph of the theoretical inner and outer peak 
amplitude of the imaginary (quadrature) ab-
sorption mode derivative as functions of the 
square root of the saturation factor, st. 
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Figure 20. Graph of the experiaental inner and outer peak 
amplitudes of the imaginary (quadrature) ab-
aorption mode derivative aa functions of the 
current ide• 
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the inner peak amplitude data and a smooth curve is drawn 
through the outer peak amplitude data. These experimental 
curves intersect at a current value of 286 pa. For this 
particular run the maximum in the real absorption mode deriva-
tive peak amplitude occurred at (ide) = 115 pa. Using this 
max 
number an S-value of 9.28 is calculated for the current of 286 
pa from the relation 
s = 1.5 
• 2 
1 dc 
This result indicates an alternate method of phasing 
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the Varian spectrometer. By adjusting the current to correspond 
to an s-value of 9.12 and recording the inner and outer peak 
amplitudes for various settings of the phasing control resis-
tor, one can find the setting of the phasing control resistor 
corresponding to equal inner and outer peak amplitudes of the 
experimental signal. At this setting 9 = 90 deg. 
Although no data is provided in this report with respect 
to this method of 90 deg or zero deg phase determination, one 
must realize that the signal-to-noise ratio of the experimental 
traces is not nearly as good as it is at a power level corre-
sponding to S = 1.5. For tnat reason, the phasing method based 
on the complex absorption mode signal is to be preferred in 
practice. 
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D. Real Dispersion Mode 
A typical real dispersion mode derivative line is pic-
tured in the boxed insert .in Figure 21. The central peak 
of the dispersion mode derivative has an amplitude designated 
by a. The outer side peaks have an absolute amplitude called 
b. The over-all amplitude of the dispersion derivative line 
is a+b. 
Figure 21 is a graph of the theoretical amplitudes a, 
b, and a+b; the ratio of the inner and outer amplitudes a/b; 
and the half width bXd/2 of the real dispersion mode deriva-
tive as functions of the saturation factors. 
A saturation study of the dispersion mode for Li 7 in 
0 lithium metal at 25 C was made. The data for the various 
parameters as functions of S can be seen in Figure 22. The 
s-values were determined from the real absorption mode satu-
ration data in the manner previously described and are re-
lated to the metered current ide in the manner shown in Fig-
ure 9. 
One should note in Figure 22 that no data were obtained 
below S = 1. It is characteristic of the Varian spectrometer 
that at the low currents corresponding to S = 1 for lithium 
0 
metal at 25 C the spectrometer can not be adjusted properly 
Figure 21. 
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Graph of the theoretical inner aaplitude a, 
outer amplitude b, maxiaua a.,litade a+b, 
ratio of the inner and the outer a.plitudea 
a/b, and the half width S~2 of the dia-
persion mode derivative aa a function or 
·the saturation factor s. The boxed insert 
of the typical dispersion aode derivative 
in the upper right hand corner of thia 
graph defines a, b, and i~· 
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Figure 22. Graph of the experimental inner amplitude a rep-
resented by open circles, outer aaplitude b rep-
resented by open squares, •axi•a• a.plitude a+b 
represented by open triaagles, and tbe half width 
iXd/2 by inverted trianglea, and the ratio of 
inner and outer a.plitudes a/b represented by 
solid circles, of the real dispersion aode deriva-
tives aa functions of s. The data of a va. S 
were noraalized to the theoretical curve at 
S = 1.0, b vs. S at S = 5, a+b vs. S at S = 1, 
and fxM2 at S = 1.5. 
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Figure 23. Three graphs of one half of the real dispersion 
mode derivative line shape at selected values 
of the saturation factor s. The solid curves 
are the a~eraged experiaental line shapes and 
the points are the Halbach theory points. 
The theoretical points are noraalized to the 
experimental curves at their ainiaa. 
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by means of the flux-ste~ring paddles to obtain the required 
flux leakage from the transmitter coils to the receiver coils. 
This, however, is not true in the case of the absorption 
mode. For the absorption mode the required leakage can be 
obtained at relatively low current values. 
Figure 23 contains the graphs of one half of an averaged 
experimental real dispersion mode derivative line shape at 
three values of the saturation factor, 5.8, 10.1, and 103. 
The amplitudes and X scales of tne theoretical Halbach line 
shape points for these s-values are normalized to the averaged 
experimental curves at their minima. 
E. Imaginary (Quadrature) Dispersion Mqde 
From the machine calculations of the imaginary dispersion 
mode line shape it was apparent that the signal undergoes 
three typical shapes with increasing values of the satura-
tion factor s. Figure 24 contains three graphs of these 
typical imaginary dispersion mode line shapes. Figure 24 
Shows that at an s-value of 1.95 the imaginary dispersion 
line has the shape, qualitatively, of the real dispersion 
derivative line. The imaginary dispersion snape at S = 19.7 
resembles the shape of the real absorption mode signal My 
seen as a function of H in Figure 3. The final shape at 
S = 48.7 is an unusual resonance shape that has a peculiar 
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relative minimum at its center. 
Actually, the range of S-values within which the quad-
rature dispersion mode derivative shape approximates that 
of tne real absorption mode signal is quite narrow, begin-
ning at S = 12.6 and ending at approximately S = 30 at which 
value tne onset of the indented line shape occurs. 
Figure 25 contains tnree pairs of experimental imagi-
nary (quadrature) dispersion mode line shapes tnat were re-
corded at currents which nave corresponding S-values very 
near those of the theoretical line shapes in Figure 24. 
Figure 25. Three pairs of experimental imaginary (quadrature) dispersion mode 
derivative line shapes at selected values of the saturationfuctor s. 
The amplitudes of these curves are not to be compared. 
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V. CONCLUSIONS 
The experimental work reported herein has demonstrated 
that the behavior of the Li7 NMR in lithium metal at 25°C 
is very closely described by the original Bloch equations as 
modified by Halbach. This means that within the temperature 
range in which, from the nuclear resonance standpoint, sig-
nificant self-diffusion occurs, the environment of the nuclei 
is effectively iu the liquid state. All of the assorted 
types and shapes of resonance signals observed in this work 
are accounted for within the context of this theory. 
The existence of the four types of signals predicted 
by the Halbach theory has been convincingly shown. These 
are the real, or in-phase, and imaginary, or out-of-phase 
absorption and dispersion mode signals. In addition, the 
existence of a complex absorption mode signal has been demon-
strated, and its behavior as a function of the phase e has 
been used to determine accurately the e = 90 deg setting. 
This determination was cross-checked by using the behavior 
of the imaginary (quadrature) absorption mode signal as a 
function of the radio-frequency amplitude H1 • 
With respect to saturation effects, the Bloch-Halbach 
theory is found again to describe very satisfactorily the be-
havior of the nuclear resonance signals, both absorption and 
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dispersion modes. This agreement has been found to hold 
over a wide range of the radio-frequency amplitudes H1 , in-
cluding quite large values. 
In summary, the behavior of the Li7 NMR in lithium 
metal at a temperature within the range in which motional 
narrowing of the resonance occurs has been shown to be satis-
factorily described by the Bloch-Halbach theory involving 
only two parameters characteristic of the material, namely 
the relaxation times T1 and T2 • 
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